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ABSTRACT
The use of High Temperature Electrolysis (HTE) for the efficient production of hydrogen 
without the greenhouse gas emissions associated with conventional fossil-fuel hydrogen 
production techniques has been under investigation at the Idaho National Engineering 
Laboratory (INL) for the last several years.  The activities at the INL have included the 
development, testing and analysis of large numbers of solid oxide electrolysis cells, and the 
analyses of potential plant designs for large scale production of hydrogen using a high-
temperature gas-cooled reactor (HTGR) to provide the process heat and electricity to drive the 
electrolysis process.  The results of this research led to the selection in 2009 of HTE as the 
preferred concept in the U.S. Department of Energy (DOE) hydrogen technology down-
selection process.  However, the down-selection process, along with continued technical 
assessments at the INL, has resulted in a number of proposed modifications and refinements to 
improve the original INL reference HTE design.  These modifications include changes in plant 
configuration, operating conditions and individual component designs.  This report describes 
the resulting new INL reference design coupled to two alternative HTGR power conversion 
systems, a Steam Rankine Cycle and a Combined Cycle (a Helium Brayton Cycle with a Steam 
Rankine Bottoming Cycle).  Results of system analyses performed to optimize the design and to 
determine required plant performance and operating conditions when coupled to the two 
different power cycles are also presented.  A 600 MWt high temperature gas reactor coupled 
with a Rankine steam power cycle at a thermal efficiency of 44.4% can produce 1.85 kg/s of 
hydrogen and 14.6 kg/s of oxygen.  The same capacity reactor coupled with a combined cycle at 
a thermal efficiency of 42.5% can produce 1.78 kg/s of hydrogen and 14.0 kg/s of oxygen.
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Analysis of Reference Design for Nuclear-Assisted Hydrogen 
Production at 750°C Reactor Outlet Temperature  

1. INTRODUCTION 
As part of the ongoing activities at the INL to investigate the potential for large-scale 

production of hydrogen using the nuclear-driven High-Temperature Electrolysis (HTE) process, 
the INL has evaluated a number of alternative power cycle concepts coupled in different ways to 
alternative HTE process loop designs.  This evaluation process led to the development in 2006 of 
a preliminary design for a HTGR direct Brayton power cycle coupled to an HTE hydrogen 
production plant that was designated as the original INL reference HTE design [1].  The HTGR 
utilized helium at a reactor outlet temperature of 900°C to provide electricity and high-
temperature process heat for the electrolytic hydrogen production process. This initial reference 
design underwent extensive analyses and reviews to refine and optimize the concept.  In 
addition, economic analyses were performed to determine the approximate cost for the 
commercial production of hydrogen at large scales [2].  The results of these studies, along with 
the testing and analyses of large numbers of solid oxide electrolysis cells, led to the selection in 
2009 of HTE as the preferred concept in the U.S. Department of Energy hydrogen technology 
down-selection process [3].  However, these evaluations also led to a reconsideration of the 
reference design and the development of a new INL reference design that would address 
concerns or issues identified in the original design.  These issues included potential materials 
problems associated with the relatively high reactor outlet temperature of 900°C, the technology 
development risks associated with the use of a high-temperature helium direct Brayton cycle, and 
the potential for tritium contamination of the hydrogen production process loop when process 
heat was transferred directly from the reactor primary loop to the hydrogen production process 
without an intermediate loop to provide additional separation between the reactor and hydrogen 
production loops. 

To address these issues, a new INL reference design has been developed and evaluated using 
the HYSYS process analysis software.  Initial HYSYS evaluations were also performed for two 
nuclear-driven power cycle concepts intended for the production of the electricity and process 
heat required by the INL reference HTE hydrogen production process.  The optimized power 
cycle designs were then coupled to the new INL reference HTE hydrogen production process, 
and the HYSYS models of the integrated systems were optimized to maximize the total hydrogen 
production rates and overall hydrogen production efficiencies for the two integrated power 
cycle/INL reference hydrogen production concepts.  This analysis process, along with the 
resulting optimized reference designs for the two integrated nuclear-driven hydrogen production 
plant concepts are discussed in the following sections of this report. 

2. SELECTION OF POWER CYCLES 
Two power cycles, a Steam Rankine Cycle and a Combined Cycle (an Indirect Helium 

Brayton Cycle with a Steam Rankine Bottoming Cycle), were evaluated as part of the 
development of the new INL Reference HTE hydrogen production process.  These two power 
cycles were assumed to be powered by an HTGR whose configuration and operating conditions 
are based on the latest design parameters planned for the Next Generation Nuclear Plant 
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(NGNP).  The current HTGR reference design specifies a reactor power of 600 MWt, with a 
primary system pressure of 7.0 MPa, and reactor inlet and outlet fluid temperatures of 322°C and 
750°C, respectively.  Assuming the same reactor operating conditions, each of these power 
cycles was separately optimized, using the HYSYS process analysis software to maximize power 
cycle efficiency prior to coupling the power cycles to the new INL Reference HTE hydrogen 
production process.  The following two sections describe the optimized power cycle designs, and 
Section 3 of this report describes the two integrated power cycle/HTE hydrogen production 
concepts optimized to maximize hydrogen production rates and overall hydrogen production 
efficiencies. 

For this analysis the following assumptions were made: 

� The minimum approach temperature for most of the heat exchangers is 25°C.  This 
approximates heat exchangers with efficiencies near 95%. 

� The high temperature recuperating heat exchangers in the high temperature 
electrolysis process have minimum approach temperatures of 20°C because they have 
relatively smaller temperature differences between the inlet and outlet conditions 

� The primary and secondary helium loops and the HTE loop have heat exchanger 
pressure drops equal to 2% of the average pressure in the loops. 

� The power cycles have 2% pressures drops based on inlet pressures except for the 
steam generator and the reheater of the Rankine cycle which have a 10% pressure 
drop.

� The primary and secondary circulators and the Brayton cycle turbines and 
compressors have adiabatic efficiencies of 90% 

� The hydrogen recirculator and all pumps have adiabatic efficiencies of 75% 

� The Rankine high pressure turbine, intermediate pressure turbine and low pressure 
turbine have adiabatic efficiencies of 85%, 90%, and 80%. 

2.1 Steam Rankine cycle 
The first power cycle evaluated for the new INL Reference Design was a Steam Rankine 

Cycle.  This Steam Rankine cycle, shown in Figure 1, is powered by a 600 MWt helium-cooled 
HTGR operating at a primary system pressure of 7.0 MPa, and reactor inlet and outlet fluid 
temperatures of 322°C and 750°C, respectively.  As shown in Figure 1, hot helium from the 
reactor outlet at 750°C (Stream 2) is split (T13) with 77% of the flow transferring heat to the 
Rankine Cycle steam generator, and the remaining 23% of the flow transferring heat to the 
Rankine Cycle reheater. 

The Rankine Cycle flow sheet in Figure 1 includes three turbines; a High Pressure Turbine, a 
two stage Intermediate Pressure Turbine, and a five stage Low Pressure Turbine.   The steam 
generator delivers steam at approximately 593°C and 24MPa to the inlet of the High Pressure 
Turbine.  To maximize the thermodynamic efficiency of the cycle, most of the steam exiting the 
High Pressure Turbine is passed through the reheater before entering the first stage of the 
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Intermediate Pressure Turbine.  Between each stage of expansion, a portion of the steam flow is 
used to supply heat to seven feedwater heaters.  One of these feedwater heaters (between Stages 
1 and 2 of the Low Pressure Turbine) is an open heater that exchanges its heat by mixing, 
allowing for deaeration of the working fluid.  A condenser is used to reject the remaining waste 
heat from the Stage 5 low pressure turbine exhaust.  The feedwater is then returned to the steam 
generator inlet utilizing a condensate pump, booster pump, and boiler feed pump to recover 
pressure at various points in the feedwater return.  Pressure control valves are also included in 
the process flow model to ensure appropriate operating conditions at each of the feedwater 
heaters locations. 

The optimized power cycle efficiency for this configuration is 44.4%.  The efficiency was 
calculated by summing the power generated by the turbines and subtracting the power from the 
pumps, the power needed to cool the condenser, and the fraction of the power of the primary 
loop circulator used for power production and dividing that total by the fraction of the reactor 
heat used for power production.  The power to cool the condenser was calculated using a 
procedure found in reference 5. 

The HYSYS calculated fluid conditions, flow rates, and component operating parameters for 
the Steam Rankine Cycle shown in Figure 1, are provided in Appendix A. 
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Figure 1 Part 1 Rankine Power Cycle 
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Figure 1 (Part 2)  Rankine Power Cycle 
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2.2 Combined Indirect Helium Brayton and Steam Rankine Cycles 
The second power cycle evaluated for the new INL Reference Design is an indirect helium 

recuperated Brayton cycle combined with a Steam Rankine bottoming cycle.  The HYSYS 
model for this cycle, shown in Figure 2, again assumed a 600 MWt, HTGR operating at a 
primary system pressure of 7.0 MPa and reactor inlet and outlet fluid temperatures of 322°C and 
750°C, respectively. 

Helium from the reactor outlet is split into two streams at “TEE-100” and transfers heat via 
two helium-to-helium heat exchangers to the secondary helium power conversion loop which is 
also operating at a maximum pressure of 7.0 MPa. The indirect helium recuperated Brayton 
cycle shown at the top of the process flow sheet consists of a High Pressure Turbine (HP 
Turbine) and a Low Pressure Turbine (HP Turbine).  Heat transferred from the primary system at 
HX 1 raises the secondary helium temperature at the High Pressure Turbine inlet to 725°C at a 
secondary system pressure of 7 MPa.  The secondary helium then flows through the high 
pressure turbine where the gas is expanded to produce approximately 98.8 MW of electric 
power.  The secondary helium, at a reduced pressure (4.35 MPa) and temperature (570°C), then 
passes through the second helium-to-helium heat exchanger (IHX 2), where heat from the 
primary system fluid raises the secondary helium temperature back to 725°C before entering the 
Low Pressure Turbine (LP Turbine). The secondary helium expands through the Low Pressure 
Turbine producing approximately 96.4 MW of additional electric power.   The secondary helium 
leaving the Low Pressure Turbine at 573°C and 2.68 MPa then passes through a recuperator and 
precooler where it is further cooled before entering the low-pressure compressor.  To improve 
compression efficiencies, the helium is again cooled in an intercooler heat exchanger before 
entering the high-pressure compressor.  The helium exits the high-pressure compressor at a 
pressure of approximately 7.3 MPa.  The coolant then circulates back through the recuperator
where the recovered heat raises its temperature to the inlet temperature of the IHX 1 heat 
exchanger, completing the secondary helium loop circuit.  The primary helium flows leaving the 
IHX 1 and IHX2 heat exchangers recombine at MIX-100 and the total flow is delivered to the 
Steam Rankine bottoming cycle interface (T13) at a temperature and pressure of approximately 
684°C and 6.9 MPa, respectively.  Here the flow is again split with 78% of the flow going to the 
Rankine Cycle steam generator and the remaining flow going to the Rankine Cycle reheater. 

The Steam Rankine Cycle shown at the bottom of the process flow sheet in Figure 2 is 
identical to that shown in Figure 1.  The Rankine Cycle efficiency in this configuration is not as 
efficient because of the lower operating temperatures when operating in a bottoming cycle 
configuration,  The resulting optimized Combined Cycle efficiency for the configuration shown 
in Figure 2 is 42.5%. 
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Figure 2.  Combined Rankine and Brayton Cycle 

3. DESCRIPTION OF REFERENCE HTE PROCESS 
An INL reference design for HTE hydrogen production process was developed, and 

optimized for both the Steam Rankine and Combined power cycles described above.     The 
HYSYS model of the reference HTE hydrogen production process coupled to the Rankine Steam 
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cycle is shown in Figure 3.  Since the process flow sheet of the reference HTE process is the 
same for both the Steam Rankine and Combined cycles, the system description of the HTE 
process coupled to the Steam Rankine power cycle (shown in Figure 3 and described here) also 
apply to the coupling of the reference HTE process to the Combined power cycle.  However, 
because of differences in power cycle efficiency, the resulting hydrogen production rates and 
overall hydrogen production efficiencies will be different for the two integrated power 
cycle/HTE processes, as discussed in the Analysis Results Section of this report. 

Figure 3. HYSYS process flow diagram of reference HTE hydrogen production process. 

The optimized reference design for the HTE hydrogen production process shown in Figure 3 
operates at a system pressure of 5 MPa and uses a steam sweep system rather than the air sweep 
system used in the original INL reference design to remove oxygen from the anode side of the 
electrolyzer.  This change was made from the original reference design so that the oxygen 
product gas, which represents a valuable commodity, can be recovered by condensing the steam 
and recovering the dry oxygen product gas for later sale. 
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The HTGR (depicted on the left side of the process flow sheet in Figure 3) provides both 
electricity and process heat to drive the HTE process.  The power conversion system used to 
produce electricity to drive the electrolysis process is modeled in a sub-flow sheet designated by 
the letter “T” on the left side of the process flow sheet in Figure 3.  The sub-flow sheet models 
are depicted in Figure 1 for the Rankine cycle and Figure 2 for the Combined cycle.  In both 
cases, an AC to DC power conversion efficiency of 96% was assumed for supplying DC power 
to the electrolyzer. 

Process heat from the HTGR (which represents only about 10% of the total reactor power) is 
transferred from the primary loop through an intermediate heat exchanger (IHX) to an 
intermediate helium loop, and then to the two steam generators (SG1 and SG2) shown in Figure 
3.  The use of the intermediate loop between the reactor primary system and the HTE process 
was included in the new INL reference design as an added barrier to minimize the potential for 
tritium migration from the primary system, and potential tritium contamination of the HTE 
product hydrogen. 

Feed water for the HTE process (Water In) is raised to the system operating pressure of 5 
MPa by a pump, where it is then mixed with recycled water condensed from the hydrogen 
product water separation tank.  The water stream is then partially vaporized in the recuperator 
(Low Temp Steam/H2 Recup) which recovers heat from the post-electrolysis process.  The low 
quality feed stream then enters a steam generator (SG1) where the remaining water is vaporized 
and the steam is heated to approximately 100°C below the electrolysis operating temperature of 
800 °C.  Downstream of the recuperator, at M2, the steam is mixed with recycled hydrogen 
product gas.  A fraction of the product gas is recycled in this way in order to assure that reducing 
conditions are maintained on the steam/hydrogen electrode.  The resulting steam and hydrogen 
mixture (approximately 10% hydrogen) then passes through a second post-electrolysis process 
recuperator and a gas-fired or electric heater to raise its temperature to the desired electrolysis 
operating temperature of 800 °C. 

The process stream then enters the electrolyzer, where oxygen is electrolytically removed 
from the steam, producing hydrogen and oxygen.   The custom electrolyser module developed at 
INL for direct incorporation into the HYSYS process analysis code is described in more detail in 
the following section. 

Downstream of the electrolyzer, the hydrogen-rich product stream (approximately 70 mol % 
hydrogen) passes back through the two post-electrolysis recuperators where the product stream is 
cooled and, as described earlier, the recovered heat is used to heat the inlet process stream to 
near the desired electrolysis process temperature.  The product stream is then further cooled at 
the Water Separation Tank, where the majority of any residual steam is condensed and separated, 
yielding the dry hydrogen product.  The cooled product stream is split at T2 and a fraction of the 
product gas is recycled into the inlet process stream as discussed previously.  A recirculating 
blower is required to repressurize the hydrogen recycle stream to the upstream pressure at M2. 

As mentioned earlier, the new INL reference design uses a steam sweep system to remove 
the excess oxygen that is evolved on the anode side of the electrolyzer.  In the steam sweep 
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system, the inlet water (Sweep Water In) is raised to the system operating pressure by the Sweep 
Pump, and then mixed with condensed water recirculated back from the Water/Oxygen 
separation tank at M4.  The recirculation of condensed water from the oxygen product stream 
significantly reduces the net amount of water needed to operate the steam sweep system.  After 
leaving the M4 mixer, the sweep water passes through a recuperator (Sweep Low Temp Recup), 
where recovered heat from the sweep system heats and vaporizes most of the feed water.  The 
high quality steam then passes through steam generator SG1, where it is superheated to 
approximately 100°C below the electrolysis operating temperature of 800°C.  The steam then 
passes through a second sweep system recuperator (Sweep Hi Temp Recup) and a gas fired or 
electric heater where the sweep steam is raised to 800°C before entering the electrolyzer stack. 

After removing the excess oxygen from the anode of the electrolyzer, the steam/oxygen 
mixture (50% oxygen) then passes through the two previously discussed steam sweep system 
recuperators, where excess heat is recovered, and the post-electrolysis steam-oxygen mixture is 
cooled.  The resulting high quality steam-oxygen mixture is then further cooled in the 
Water/Oxygen Separation Tank, where the majority of the water is condensed and recirculated 
back to be combined with the sweep water feed at M4.  The relatively dry oxygen product 
leaving the Water/Oxygen Separation Tank at high pressure (4.9 MPa) is then available for 
immediate use or storage for later use. 

4. ELECTROLIZER MODEL 
The electrolyzer model process flow diagram is shown in Figure 4. The process inlet flow, 

consisting of steam and hydrogen passes through a conversion reactor where the steam is split 
into hydrogen and oxygen. The conversion reactor uses a stoichiometric equation for the splitting 
of water. Based upon the utilization, a specified percentage of the steam is converted.  HYSYS 
calculates the heat of reaction for this conversion, which is shown as the “Electrolysis Heating” 
energy stream in Figure 4.  The hydrogen, oxygen, and steam enter a component splitter labeled 
Electrodes. The oxygen is split from the other components and exits at the anode stream. The 
sweep gas mixes with the anode stream and exits as the “Sweep/Gas O2 Out” stream. An 
embedded spreadsheet is used to calculate the Nernst potential, operating voltage, current and 
electrolysis power [4]. In this reference case, the boundary conditions are isothermal and 
adiabatic which is referred as the thermal neutral point. 
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Figure 4. Electrolyzer model process flow diagram.

5. ANALYSIS RESULTS 
5.1 HTE process coupled to Steam Rankine cycle 

The HYSYS analysis of the above described new INL reference design coupled to the Steam 
Rankine cycle achieves a hydrogen production rate of 1.85 kg/s and an overall hydrogen 
production efficiency of 42.8% with a reactor power source of 600 MWt operating at a reactor 
outlet temperature of 750 °C.  The overall hydrogen production efficiency is the higher heating 
value of the hydrogen product divided by the total heat input.  The total heat input for both cases 
is the sum of the reactor heat plus the heat needed by the two topping heaters in the HTE loop.
The electrolysis stack consists of 1.119 million electrolysis cells operating at a current density of 
0.6989 amp/cm2, and a steam utilization rate of 66.67%. Each cell has an area of 225 cm2.  The 
fluid conditions, flow rates, stream composition and component operating parameters for this 
integrated configuration are summarized in Tables 1-6 for each of the locations shown in Figure 
3.  The temperature, pressure, molar and mass flow rates, and the vapor fraction for each stream 
are displayed in Table 1. 

The composition of each stream is shown in Table 2.  The thermal duty, overall heat transfer 
coefficient, UA, log-mean temperature difference, LMTD, and the minimum approach 
temperature for each heat exchanger is found in Table 3.  Compressor and pump parameters are 
given in Tables 4.  Table 5 provides the topping heater heat rates and the electrolysis power 
corresponding to the variables shown in Figure 3.  Heater data are provided in Table 6.
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Table 1. Stream properties of Rankine case. 

Stream�Name� Vapor�
Fraction�

Temperature
(C)�

Pressure
(MPa)�

Molar�Flow��
(kgmole/h)�

Mass�Flow�
(kg/s)�

1� 1 750� 7 67.474� 270.1
2� 1 750� 7 60.446� 241.97
3� 1 311.02� 6.86 60.446� 241.97
4� 1 314.05� 6.86 67.474� 270.1
5� 1 322� 7.071 67.474� 270.1
6� 1 750� 7 7.0275� 28.131
7� 1 340.11� 6.86 7.0275� 28.131
8� 1 725� 7 7.03� 28.141
9� 1 304.76� 6.86 7.03� 28.141
10� 1 315.11� 7.14 7.03� 28.141
11� 0 27.317� 5.4 0.9144� 16.473
12� 0 26.897� 5.4 1.3679� 24.643
13� 0.2712 268.86� 5.3 1.3679� 24.643
14� 1 700� 5.2 1.3679� 24.643
15� 1 650.93� 5.2 1.52� 24.951
16� 1 756.9� 5.1 1.52� 24.951
17� 1 670.93� 4.9 1.52� 10.36
18� 0.7725 144.05� 4.8 1.52� 10.36
19� 1 26� 4.8 1.0649� 2.1614
20� 0 26� 4.8 0.45512� 8.1986
21� 0 26.052� 5.4 0.45512� 8.1986
22� 0 26.052� 5.4 0.45351� 8.1697
23� 1 35.491� 5.2 0.15254� 0.30961
24� 1 35.491� 5.2 0.15211� 0.30873
25� 0 27.317� 5.4 5.01E�04� 9.03E�03
26� 0 27.053� 5.4 0.45611� 8.2178
27� 1 346.69� 5.3 0.45611� 8.2178
28� 1 700� 5.2 0.45611� 8.2178
29� 1 780� 5.1 0.45611� 8.2178
30� 1 755.74� 4.9 0.91209� 22.809
31� 0.8172 203.63� 4.8 0.91209� 22.809
32� 0 27� 4.8 0.45561� 8.2087
33� 0 27.052� 5.4 0.45561� 8.2087
34� 0 27.052� 5.4 0.45561� 8.2088

From�SG2� 1 293.92� 6.86 6.0955� 24.4
From�SG�1� 1 375.42� 6.86 0.93455� 3.741
H2/Steam� 1 800� 5 1.52� 10.36

Hydrogen�Product� 1 26� 4.8 0.91236� 1.8518
Hydrogen�Recycle� 1 26� 4.8 0.15254� 0.30961
Oxygen�Product� 1 27� 4.8 0.45648� 14.6

Steam/H2� 1 800� 5 1.52� 24.951
Sweep�Gas�In� 1 800� 5 0.45611� 8.2178
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Stream�Name� Vapor�
Fraction�

Temperature
(C)�

Pressure
(MPa)�

Molar�Flow��
(kgmole/h)�

Mass�Flow�
(kg/s)�

Sweep�Gas/O2�Out� 1 800� 5 0.91209� 22.809
Sweep�Water�In� 0 26.85� 0.10132 5.01E�04� 9.03E�03

To�SG1� 1 725� 7 0.93455� 3.741
To�SG�2� 1 725� 7 6.0955� 24.4
Water�In� 0 26.85� 0.10132 0.9144� 16.473

�

Table 2. Stream composition of Rankine case. 

Stream�Name� Comp�
Mole�
Frac�
(H2)�

Comp�
Mole�
Frac�
(H2O)�

Comp�
Mole�
Frac�
(O2)�

Comp�
Mole�
Frac�
(He)�

1� 0 0� 0 1�
2� 0 0� 0 1�
3� 0 0� 0 1�
4� 0 0� 0 1�
5� 0 0� 0 1�
6� 0 0� 0 1�
7� 0 0� 0 1�
8� 0 0� 0 1�
9� 0 0� 0 1�
10� 0 0� 0 1�
11� 0 1� 0 0�
12� 0.00002 0.99998� 0 0�
13� 0.00002 0.99998� 0 0�
14� 0.00002 0.99998� 0 0�
15� 0.1 0.9� 0 0�
16� 0.1 0.9� 0 0�
17� 0.7 0.3� 0 0�
18� 0.7 0.3� 0 0�
19� 0.99914 0.00086� 0 0�
20� 0.00005 0.99995� 0 0�
21� 0.00005 0.99995� 0 0�
22� 0.00005 0.99995� 0 0�
23� 0.99914 0.00086� 0 0�
24� 0.99914 0.00086� 0 0�
25� 0 1� 0 0�
26� 0 0.99986� 0.00014 0�
27� 0 0.99986� 0.00014 0�
28� 0 0.99986� 0.00014 0�
29� 0 0.99986� 0.00014 0�
30� 0 0.50001� 0.49999 0�
31� 0 0.50001� 0.49999 0�
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Stream�Name� Comp�
Mole�
Frac�
(H2)�

Comp�
Mole�
Frac�
(H2O)�

Comp�
Mole�
Frac�
(O2)�

Comp�
Mole�
Frac�
(He)�

32� 0 0.99986� 0.00014 0�
33� 0 0.99986� 0.00014 0�
34� 0 0.99986� 0.00014 0�

From�SG2� 0 0� 0 1�
From�SG�1� 0 0� 0 1�
H2/Steam� 0.7 0.3� 0 0�
Hydrogen�
Product� 0.99914 0.00086� 0 0�
Hydrogen�
Recycle� 0.99914 0.00086� 0 0�
Oxygen�
Product� 0 0.0011� 0.9989 0�
Steam/H2� 0.1 0.9� 0 0�

Sweep�Gas�In� 0 0.99986� 0.00014 0�
Sweep�Gas/O2�

Out� 0 0.50001� 0.49999 0�
Sweep�Water�

In� 0 1� 0 0�
To�SG1� 0 0� 0 1�
To�SG�2� 0 0� 0 1�
Water�In� 0 1� 0 0�

�

Table 3. Heat exchanger data for Rankine case. 

Name� Duty�(kW)� UA�(kJ/C�h)� LMTD�(C)�
MinimumApproach�

(C)�
Sweep�Hi�Temp�Recup� 1,570� 45,100� 35� 20�
Hi�Temp�Steam/H2�Recup� 6,668� 221,100� 30� 20�
Low�Temp�Steam/H2�Recup� 39,010� 447,600� 87� 25�
SG1� 6,790� 253,700� 27� 25�
SG2� 54,600� 544,000� 100� 25�
Sweep�Low�Temp�Recup� 24,410� 257,500� 95� 25�
IHX� 59,860� 2,395,000� 25� 25�
�
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Table 4. Pump data. 

Name� Water�
Pump�

Water�
Recycle�
Pump�

Sweep�
Pump�

Sweep�Water�
Recycle�Pump�

Delta�P�(MPa)� 5.299� 0.6 5.299 0.6�
Energy�(kW)� 115.7� 6.507 6.34E�02 6.52�
Feed�Pressure�(MPa)� 0.1013� 4.8 0.1013 4.8�
Product�Pressure�(MPa)� 5.4� 5.4 5.4 5.4�
Molar�Flow�(kgmole/h)� 0.9144� 0.4551 5.01E�04 0.4556�
Adiabatic�Efficiency�(%)� 75� 75 75 75�
�

Table 5. Circulator data for Rankine case. 

Name� Recirc� Circ1� Circ2�
Feed�Pressure�(MPa)� 4.8 6.86 6.86
Product�Pressure�(MPa)� 5.2 7.071 7.14
Molar�Flow�(kgmole/s)� 0.1525 67.47 7.03
Energy�(kW)� 42 11280 1531
Adiabatic�Efficiency�� 75 90 90
Polytropic�Efficiency�� 75 90 90
�

Table 6.  Heater data for Rankine case 

Name� Steam/H2Topping�
Heater�

Sweep�Gas�
Topping�
Heater�

Reactor� Electrolysis�
Unit�

Duty�(kW)� 2,752� 399� 600,000� �
Power�(kW)� � � � 226,354�
Feed�Temperature�(C)� 757� 780� 322� 800�
Product�Temperature�(C)� 800� 800� 750� 800�

5.2 HTE process coupled to Combined cycle 
The HYSYS analysis of the new INL reference design coupled to the Combined cycle (Indirect 

Helium Brayton with Steam Rankine Bottoming Cycle) achieves a hydrogen production rate of 1.78 kg/s 
and an overall hydrogen production efficiency of 41.0%  with a reactor power source of 600 MWt

operating at a reactor outlet temperature of 750 °C.  The electrolysis stack consists of 1.073 million 
electrolysis cells operating at a current density of 0.6989 amp/cm2, and a steam utilization rate of 
66.67%. Each cell has an area of 225 cm2. The fluid conditions, flow rates, stream composition and 
component operating parameters for this integrated configuration are summarized in Tables 7-12 for each 
of the locations shown in Figure 3.  The temperature, pressure, molar and mass flow rates, and the vapor 
fraction for each stream are displayed in Table 7. 
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The composition of each stream is shown in Table 8.  The thermal duty, overall heat transfer 
coefficient, UA, log-mean temperature difference, LMTD, and the minimum approach temperature for 
each heat exchanger is found in Table 9.  Compressor and pump parameters are given in Tables 10.  Table 
11 provides the topping heater heat rates and the electrolysis power corresponding to the variables shown 
in Figure 3.  Heater data are provided in Table 12. 

Table 7.  Stream data of combined cycle case. 

Stream�Name� Vapor�
Fraction

Temperature
(C)�

Pressure
(MPa)�

Molar�Flow��
(kgmole/h)�

Mass�Flow�
(kg/s)�

1� 1 750� 7 67.474� 270.1
2� 1 750� 7 60.736� 243.13
3� 1 305.22� 6.72 60.736� 243.13
4� 1 308.71� 6.72 67.474� 270.1
5� 1 322� 7.071 67.474� 270.1
6� 1 750� 7 6.7377� 26.971
7� 1 340.15� 6.72 6.7377� 26.971
8� 1 725� 7 6.7412� 26.985
9� 1 304.8� 6.86 6.7412� 26.985
10� 1 315.15� 7.14 6.7412� 26.985
11� 0 27.317� 5.4 0.87296� 15.727
12� 0 26.894� 5.4 1.3115� 23.627
13� 0.2711 268.86� 5.3 1.3115� 23.627
14� 1 700� 5.2 1.3115� 23.627
15� 1 650.93� 5.2 1.4574� 23.923
16� 1 756.9� 5.1 1.4574� 23.923
17� 1 670.93� 4.9 1.4574� 9.933
18� 0.7726 144.07� 4.8 1.4574� 9.933
19� 1 26� 4.8 1.021� 2.0724
20� 0 26� 4.8 0.43636� 7.8607
21� 0 26.052� 5.4 0.43636� 7.8607
22� 0 26.052� 5.4 0.43857� 7.9004
23� 1 35.491� 5.2 0.14626� 0.29685
24� 1 35.491� 5.2 0.14585� 0.29604
25� 0 27.317� 5.4 4.82E�04� 8.68E�03
26� 0 27.053� 5.4 0.43731� 7.879
27� 1 346.76� 5.3 0.43731� 7.879
28� 1 700� 5.2 0.43731� 7.879
29� 1 780� 5.1 0.43731� 7.879
30� 1 755.74� 4.9 0.87449� 21.869
31� 0.8172 203.63� 4.8 0.87449� 21.869
32� 0 27� 4.8 0.43682� 7.8703
33� 0 27.052� 5.4 0.43682� 7.8703
34� 0 27.052� 5.4 0.43682� 7.8703

From�SG2� 1 294� 6.86 5.8456� 23.4
From�SG�1� 1 375.32� 6.86 0.89558� 3.585
H2/Steam� 1 800� 5 1.4574� 9.933
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Stream�Name� Vapor�
Fraction

Temperature
(C)�

Pressure
(MPa)�

Molar�Flow��
(kgmole/h)�

Mass�Flow�
(kg/s)�

Hydrogen�Product� 1 26� 4.8 0.87477� 1.7755
Hydrogen�Recycle� 1 26� 4.8 0.14626� 0.29685
Oxygen�Product� 1 27� 4.8 0.43767� 13.999

Steam/H2� 1 800� 5 1.4574� 23.923
Sweep�Gas�In� 1 800� 5 0.43731� 7.879

Sweep�Gas/O2�Out� 1 800� 5 0.87449� 21.869
Sweep�Water�In� 0 26.85� 0.10132 4.82E�04� 8.68E�03

To�SG1� 1 725� 7 0.89558� 3.585
To�SG�2� 1 725� 7 5.8456� 23.4
Water�In� 0 26.85� 0.10132 0.87296� 15.727

�

Table 8.  Composition data of combined cycle case. 

Stream�Name� Comp�
Mole�
Frac�
(H2)�

Comp�
Mole�
Frac�
(H2O)�

Comp�
Mole�
Frac�
(O2)�

Comp�
Mole�
Frac�
(He)�

1� 0� 0 0 1�
2� 0� 0 0 1�
3� 0� 0 0 1�
4� 0� 0 0 1�
5� 0� 0 0 1�
6� 0� 0 0 1�
7� 0� 0 0 1�
8� 0� 0 0 1�
9� 0� 0 0 1�
10� 0� 0 0 1�
11� 0� 1 0 0�
12� 0.00002� 0.99998 0 0�
13� 0.00002� 0.99998 0 0�
14� 0.00002� 0.99998 0 0�
15� 0.10001� 0.89999 0 0�
16� 0.10001� 0.89999 0 0�
17� 0.7� 0.3 0 0�
18� 0.7� 0.3 0 0�
19� 0.99914� 0.00086 0 0�
20� 0.00005� 0.99995 0 0�
21� 0.00005� 0.99995 0 0�
22� 0.00005� 0.99995 0 0�
23� 0.99914� 0.00086 0 0�
24� 0.99914� 0.00086 0 0�
25� 0� 1 0 0�
26� 0� 0.99986 0.00014 0�
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Stream�Name� Comp�
Mole�
Frac�
(H2)�

Comp�
Mole�
Frac�
(H2O)�

Comp�
Mole�
Frac�
(O2)�

Comp�
Mole�
Frac�
(He)�

27� 0� 0.99986 0.00014 0�
28� 0� 0.99986 0.00014 0�
29� 0� 0.99986 0.00014 0�
30� 0� 0.5 0.5 0�
31� 0� 0.5 0.5 0�
32� 0� 0.99986 0.00014 0�
33� 0� 0.99986 0.00014 0�
34� 0� 0.99986 0.00014 0�

From�SG2� 0� 0 0 1�
From�SG�1� 0� 0 0 1�
H2/Steam� 0.7� 0.3 0 0�

Hydrogen�Product� 0.99914� 0.00086 0 0�
Hydrogen�Recycle� 0.99914� 0.00086 0 0�
Oxygen�Product� 0� 0.0011 0.9989 0�

Steam/H2� 0.10001� 0.89999 0 0�
Sweep�Gas�In� 0� 0.99986 0.00014 0�

Sweep�Gas/O2�Out� 0� 0.5 0.5 0�
Sweep�Water�In� 0� 1 0 0�

To�SG1� 0� 0 0 1�
To�SG�2� 0� 0 0 1�
Water�In� 0� 1 0 0�

�

Table 9.  Heat exchanger data for combined cycle case. 

Name� Duty�(kW)� UA�(kJ/C�h)� LMTD�(C)�
MinimumApproach�

(C)�
Sweep�Hi�Temp�Recup� 1,506� 43,240� 35� 20�
Hi�Temp�Steam/H2�Recup� 6,394� 212,000� 30� 20�
Low�Temp�Steam/H2�Recup� 37,400� 428,800� 87� 25�
SG1� 6,508� 243,900� 27� 25�
SG2� 52,360� 521,300� 100� 25�
Sweep�Low�Temp�Recup� 23,410� 246,900� 95� 25�
IHX� 57,400� 2,296,000� 25� 25�
�
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Table 10.  Pump data for combined cycle case. 

Name� Water�
Pump�

Water�
Recycle�
Pump�

Sweep�
Pump�

Sweep�Water�
Recycle�Pump�

Delta�P�(MPa)� 5.299� 0.6 5.299 0.6�
Energy�(kW)� 110.4� 6.239 6.09E�02 6.251�
Feed�Pressure�(MPa)� 0.1013� 4.8 0.1013 4.8�
Product�Pressure�(MPa)� 5.4� 5.4 5.4 5.4�
Molar�Flow�(kgmole/h)� 0.873� 0.4364 4.82E�04 0.4368�
Adiabatic�Efficiency�(%)� 75� 75 75 75�
�

Table 11.  Circulator data for combined cycle case 

Name� Recirc� Circ1� Circ2�
Feed�Pressure�(MPa)� 4.80� 6.72� 6.86�
Product�Pressure�(MPa)� 5.20� 7.07� 7.14�
Molar�Flow�(kgmole/s)� 0.146� 67.5� 6.74�
Energy�(kW)� 40.0� 18,870� 1,468�
Adiabatic�Efficiency�� 75� 90� 90�
Polytropic�Efficiency�� 75� 91� 90�
�

Table 12.  Heat data for combined cycle case. 

Name� Steam/H2Topping�
Heater�

Sweep�Gas�
Topping�
Heater�

Reactor� Electrolysis�
Unit�

Duty�(kW)� 2,638� 383� 600,000� �
Power�(kW)� � � � 217025�
Feed�Temperature�(C)� 757� 780� 322� 800�
Product�Temperature�(C)� 800� 800� 750� 800�

6. CONCLUSIONS 
This report presents the results of a new INL reference design for a commercial-scale HTE 

plant for hydrogen production. The new reference HTE plant is driven by a 600 MWt HTGR 
coupled to either a Steam Rankine power cycle or a Combined power cycle (an Indirect Helium 
Brayton Cycle with a Steam Rankine Bottoming Cycle).

The following conclusions can be made. 
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� The HTE process coupled to a Steam Rankine cycle with a thermal efficiency of 
44.4% produces hydrogen at a calculated rate of 1.85 kg/s and an overall hydrogen 
production efficiency of 42.8%.  The process also produces 14.6 kg/s of oxygen 

� The HTE process coupled to a combined cycle with a thermal efficiency of 42.5% 
produces hydrogen at a calculated rate of 1.78 kg/s and an overall hydrogen 
production efficiency of 41.0%.  The process also produces 14.0 kg/s of oxygen. 

� Based on the assumptions made for this analysis, the Rankine cycle alone produces 
more power than the combined cycle due to two reasons. First the Rankine cycle 
alone has a higher inlet steam temperature compared to the Rankine cycle within the 
combined cycle.  Also the Brayton cycle operates at a lower efficiency than the 
Rankine cycle at these temperatures. 

� At reactor outlet temperatures of 850°C or higher, the topping heaters could receive 
their heat from the reactor. 

� High reactor outlet temperatures will produce more hydrogen due to high power cycle 
efficiency and more heat directly to electrolysis process.  

This reference design provides the basis for planned future work, which will include 
sensitivity studies and economic analyses similar to those performed for the original reference 
design.
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Appendix A 

High Temperature Electrolysis with Rankine Cycle 
Process Flow Diagrams 

The model of the HTE process with a Ranke power cycle and results in Appendix A were 
developed using HYSYS.Plant Version 2.2.2 (Build 3806) from Hyprotech Ltd. on a desktop 
computer running Microsoft Windows XP Professional Version 2002 Service Pack 3. 
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Figure A - 1  HTE Process Flow Diagram 
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Figure A - 2  Rankine Power Cycle 
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Figure A - 3  Electrolysis module 
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Appendix B
High Temperature Electrolysis with Combined Cycle 

Process Flow Diagrams 
The model of the HTE process with a Ranke power cycle and results in Appendix A were 

developed using HYSYS.Plant Version 2.2.2 (Build 3806) from Hyprotech Ltd. on a desktop 
computer running Microsoft Windows XP Professional Version 2002 Service Pack 3. 



B-2

Figure B -  1  HTE Process Flow Diagram 
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Figure B -  2  Combined Power Cycle 
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Figure B -  3  Electrolysis Module 
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